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PRELIMINARY SIZING OF VERTICAL TAKE-OFF ROCKET-BASED 
COMBINED-CYCLE POWERED LAUNCH VEHICLES 

 
Joseph M. Roche and David R. McCurdy 

National Aeronautics and Space Administration 
Glenn Research Center 
Cleveland, Ohio 44135 

 
 

SUMMARY 
 

The task of single-stage-to-orbit has been an elusive goal due to propulsion performance, materials limi-
tations, and complex system integration. Glenn Research Center has begun to assemble a suite of relationships 
that tie Rocket-Based Combined-Cycle (RBCC) performance and advanced material data into a database for the 
purpose of preliminary sizing of RBCC-powered launch vehicles. To accomplish this, a near optimum aerody-
namic and structural shape was established as a baseline. The program synthesizes a vehicle to meet the mis-
sion requirements, tabulates the results, and plots the derived shape. A discussion of the program architecture 
and an example application is discussed herein. 
 
 

INTRODUCTION 
 

NASA has developed a three-phased approach to advance access to space. The third phase of this 
program is known as Generation 3. The Generation 3 type activities include the development of revolutionary 
propulsion technology. NASA Glenn Research Center (GRC) has been developing Rocket-Based Combined-
Cycle (RBCC) propulsion as part of this effort. The RBCC propulsion system is a mechanically simple device that 
has the potential for both reducing vehicle weight and enhancing engine performance. An RBCC propulsion sys-
tem fueled with hydrogen is ideally suited for single-stage-to-orbit (SSTO) operation. GRC believes that reusable 
SSTO operation has the potential to significantly reduce launch operation costs. 

The RBCC-powered launch vehicle must fly from sea level static conditions to hypersonic speed while in 
the atmosphere. This resulting operational environment is extremely challenging. Both aeroheating and aero-
pressure loads will be more severe than those experienced with traditional rocket-powered vehicles. In essence, 
a trade is done between improved propulsion performance and vehicle structural weight.  

NASA GRC developed the GTX vehicle in response to the desire to reduce launch costs. The Bantam 
program funded by the NASA Marshall Space Flight Center (MSFC) established the launch goals. The key 
objective was to place a 300 lb payload into the International Space Station (ISS) orbit. The Bantam mission pro-
vided the focus for the GTX development while keeping the vehicle to a minimum size and cost. In tailoring the 
vehicle/propulsion for the mission, a high thrust-to-weight vertical take-off mission profile was selected. The high 
thrust-to-weight put the vehicle in the accelerator class, which shortened the duration of the air-breathing opera-
tion, minimized aeroheating on the vehicle, and ultimately helped keep the vehicle weight to a minimum. 
 
 

VEHICLE ARCHITECTURE 
 

Key to the GTX strategy was structural and volumetric efficiency. The GTX employed a circular cross-
sectional fuselage and semicircular cross-sectional propulsion pods to keep the structural weight and design 
complexity to a minimum. In addition the propellant tanks were nested in the fuselage such that the thermal strain 
from the aeroshell would not be transmitted to the tank structures.  A cross section of the GTX configuration is 
shown in figure 1. 

The rigors of hypersonic air-breathing flight posed additional problems for the airframe design. First of all, 
the inlet airflow needed to be both unobstructed and ideally precompressed to control flow-field uniformity and to 
minimize vehicle drag. Additionally, the propulsion exhaust would be detrimental to wings and control surfaces. 
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The solution to these problems lead to a low drag parabolic fairing, propulsion pods mounted on the fuselage 
such that the maximum bow precompression was ingested at the highest air-breathing Mach number, and the 
wings mounted on the engine cowls away from the exhaust. 

For aerodynamic purposes, the GTX fuselage consists of a parabolic nose fairing designed with a 10° 
nosetip angle, a cylindrical section where the engines are attached, and an aft tail section, which has a complex 
geometric shape for the three exit nozzles. Note that the parabolic fairing is nearly equivalent to an ogive. The 
ogive-cylinder provides the most volumetric efficient shape of an airframe design, while simultaneously providing 
the most efficient structural weight possible. This is illustrated in figure 2, which is a plot of volume-to-surface-area 
ratio for various geometric shapes with a fixed length-to-diameter ratio of 5. As shown, the cylinder, followed by 
the ogive, has the greatest volume-to-surface-area ratio, which means the cylinder can contain the most fuel with 
the least structural weight penalty. Figure 2 also illustrates that as the size of a geometric body is increased, its 
volume-to-surface area also increases. Since the ratio of volume-to-surface area of a three-dimensional body 
increases with scale, it is usually possible to determine the required size of a vehicle for a given mission.  

The symmetric placement of the semicircular propulsion pods around the fuselage provides increased 
propulsive performance over conventional rockets, mechanical simplicity in the inlet operation, and vehicle control 
advantages. The increased performance is due to the entire base of the vehicle being utilized as a nozzle sur-
face, which leads to a high-expansion ratio without carrying additional nozzle structure. From the aerodynamic 
perspective, nearly all of the vehicle aft facing surface is utilized as nozzle, thereby reducing the base drag. The 
engine is mechanically simple because the only moving part is the inlet centerbody. A sliding seal between the 
centerbody and the lower surface is the only dynamic seal in the flowpath. The triple engine pod arrangement 
also lends itself to differential throttling as a means of thrust vectoring, eliminating the need for a heavy gimbal 
system. All of these features taken together tend to reduce the overall system weight. 
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Utilizing sound engineering principles, all tanks are designed from bodies of revolution, which means 
there are no discontinuities in the tank shell to allow room for other systems such as landing gear. Landing gear, 
avionics, and payload are placed either between the tanks or in front of the tank stack. Where abrupt changes in 
slope occur on the tank profile, such as a conic to a cylinder, or where hardpoint attachments are located, stiff 
rings are provided to reinforce the tank structure. 

The tanks are nested in the fuselage in a near conformal shape that provides the highest volumetric effi-
ciency without violating the outer mold line (OML) and the required aeroshell thickness. For the baseline configu-
ration, the LOx tank is positioned in the forward section of the fairing. It comprises two elliptical bulkheads and a 
frustum of an ogive. Clearance is reserved between the tank and fuselage for the TPS. Also, dynamic clearance 
is provided along the length of the tank. The propellant tank also conforms to the fuselage OML. Starting from the 
aft position, the tank comprises a small elliptical bulkhead attached to a conical section that fits within the tail sec-
tion. Attached to the conical section is a cylindrical section that conforms to the fuselage cylinder section. Beyond 
the point where the cylinder section will not fit, a parabolic section is attached that follows the contour of the fairing 
parabola. Finally, a forward elliptical bulkhead closes out the propellant tank. The tanks are stacked one on top of 
each other by an intertank adapter.  

The tank stack is attached to the fuselage by a series of strut rods at two hardpoint locations on the air-
frame, which are termed the fore and aft thrust rings. The thrust rings have a dual purpose in that they both pro-
vide main attachment for the engines as well as attachment for the tank stack and as such are the primary load 
path of the entire vehicle. The tank attachment scheme is made in order to minimize thermal stresses between 
the fuselage and tank stack. The aft attachment is a series of 12 tangential strut rods that provide radial and  
torsional support while allowing differential radial expansion between the tank and fuselage, as well as provide 
differential longitudinal expansion without inducing thermal stresses. The forward attachment is a series of 24 off-
axis longitudinal struts that provide support in the axial and radial directions. A forward bumper ring is provided at 
the aft LOx tank bulkhead location in order to prevent tank interference with the fuselage caused from the thermal 
and aeropressure loads during flight. 

 
 

PRELIMINARY SIZING 
 

The fraction of propellant by mass needed to complete the mission is known as the propellant fraction 
required (PFR) and the propellant fraction tanked on the vehicle is known as the propellant fraction available 
(PFA). The propellant tanked on the vehicle includes the ascent propellant, the on-orbit circularization burn, de-
orbit burn, boiloff, off-nominal performance allowance, and residuals. The process of determining if adequate 
propellant is tanked on the vehicle for a given mission is known as closure. When the PFA in a given size of vehi-
cle is greater than or equal to the PFR, the vehicle is considered closed.  

The SSTO mission is extremely challenging from both the propulsion performance and the structural  
efficiency perspectives. Small perturbations in the dry weight of a vehicle result in large changes in the gross lift-
off weight (GLOW). Ratios as high as 10:1 have been observed although the relationship between dry weight 
and GLOW is highly nonlinear due to the additional fuselage required to contain the requisite propellants. 

The initial reference size of the GTX was based on a preliminary weight study, which used historical data 
from NASA programs and methods from Aircraft Design by Dr. Jan Roskam (ref. 1). Subsequent detailed analy-
ses were performed in order to verify the preliminary weights and provide a basis for any future sizing that might 
be necessary. The analytical activities included engine performance predictions with RAMSCRAM and RJPA, 
solid modeling with PRO-E, aerodynamic analysis with APAS, thermal analysis with SINDA and MINIVER, trajec-
tory analysis with OTIS, and structural analysis with NASTRAN. 

The vehicle structural weights of the acreage areas were determined by calculating an average areal 
weight of all the subassemblies and their surface areas. The average areal weights encompass the vehicle com-
ponents such as tanks, fuselage, and wing boxes as well as the thermal protection system (TPS) for each com-
ponent. Areal density is dependent upon the ability of the structure to withstand the mechanical and thermal loads 
throughout the flight. The areal densities for the GTX configuration were determined by finite element analysis 
(FEA) of the reference vehicle. For the majority of components, the worst load case combination occurred at 
Mach 10 just after the rocket re-ignition (mode IV) event to accelerate the vehicle out of the atmosphere. For the 
tanks, the worst load case event was lift-off when the tanks were completely filled. Once all the peak stresses of 
the various assemblies were determined, a minimum structural weight was established that could withstand the 
applied loads, using a safety factor on an ultimate stress of 1.5 and 1.1 on yield. These areal weights provided 
the basis of scaling the vehicle. 
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SCALING LAWS 
 

The size of a closed vehicle depends on propulsion performance, structural efficiency, packaging effi-
ciency, payload weight, and desired orbit; consequently, it is necessary to alter the size of the vehicle design as 
these parameters change. However, increasing the scale of a structure also increases the magnitude of induced 
stresses, which means additional structural weight must be carried in the design. For instance, stress in a pres-
sure vessel is directly proportional to the ratio of its radius over its wall thickness. An increase in radius must be 
accompanied by an equivalent increase in thickness to maintain constant stress at a constant pressure. This 
translates into increased areal weight. Therefore, how the relationship between stress and geometric scale effect 
the overall weight of the GTX vehicle must be carefully considered when determining its required size. In addition, 
vehicle design adjustments are necessary when large changes in scale are needed, because weight changes by 
the cube of the scale factor where lift and thrust change by the square of the scale factor. 

Once scaling effects on weight were understood from the detailed structural analysis of the GTX refer-
ence vehicle, then weight factors and parametric relationships were developed in order to perform photographic 
scaling. Table I summarizes the parametric relationships of the main vehicle components. In addition, a set of 
equations was established for the GTX configuration that relates vehicle scale and tank volume with fuselage 
skin, stringer, TPS, and tank skin thickness. In order to automate the closure calculations, the weight and thick-
ness relationships were input to a spreadsheet, known as the GTXSizer. The various areal densities determined 
from the analysis effort along with additional areal densities of TPS materials were put into the spreadsheet. The 
GTXSizer was then used to predict the revised size of the 300-lb-payload vehicle. 

 
TABLE I.—GTX WEIGHT FACTOR PARAMETERS 

Item Weight 
Surface Area Multiplier 

current L/D 
Fairing Sf * 

reference L/D 

current L/D 
Cylinder Plug Sf * 

reference L/D 

Nozzle Sf 

Thrust Rings Sf *  Bf 

TPS Thickness (current Mach no.) 
Thickness (Mach no.= 10) 

Tanks Sf 

Wings and Tail 1 

Engine 1 

Equipment current vehicle volume 
reference vehicle volume 

Notes: 
Sf = Scale Factor 
Bf = Beam Shape Factor 

 
The GTXSizer is arranged such that the nosetip-to-cowl lip length (L) can be adjusted while main-

taining a fixed body diameter (D). This is accomplished by adjusting the cylinder plug length, as illustrated 
in figure 3. When this feature is used, the areal weights of the nose vary with scale and the change in L. 
As the plug length is increased, the nose fairing overall bending moment increases; however, since the 
body diameter has remained constant, the structural mass must be increased. The areal weights of the 
skin and stringer increase as a ratio of the current L/D to the reference vehicle L/D. Along with the areal 
weights, the shell thickness also increases as a linear function of the vehicle scale multiplied by the L/D 
ratio. This thickness change is accounted for in the GTXSizer because it reduces the available internal 
volume for propellant and oxidant. 

Since volumetric efficiency of the GTX configuration is dependent on the depth of the thrust rings, a 
structural analysis was performed to determine the necessary cross sections based on a simple I-beam  
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configuration. While a deeper beam is a more weight efficient section, a shorter depth allows more room for pro-
pellant. From the analysis of the rings, the thrust ring depth was found to be linearly proportional with scale factor. 
The GTXSizer provides the additional capability of reducing the ring depth. From an engineering perspective, it is 
possible to reduce I-beam depth while maintaining its strength by varying web and flange thickness. Another 
analysis determined the approximate beam weight versus beam depth, assuming a constant section modulus. 
The limiting case was a side-by-side I-beam configuration. This lead to the concept of a beam shape factor that is 
used to adjust ring height and weight as necessary to achieve a minimum GLOW at a given scale. 

Since the wings, tail, and engine acreage areas were designed using flat plate theory, their calculated 
areal densities were conservative. Therefore, the areal densities for these components remain constant with 
scale. Future work will address the effects of curvature in the stress analysis. 

The TPS thickness was derived by a thermal analysis of the vehicle during its flight trajectory. The TPS 
thickness is mainly driven by the maximum mode IV Mach number. Currently, the GTX baseline vehicle was 
sized for mode IV at Mach 10. The GTXSizer determines the TPS thickness as a linear function of the mode IV 
Mach number. The areal density of the TPS is linearly proportional to the thickness change with Mach number, 
otherwise it remains constant with scale. 

In the absence of a detailed weight study for equipment systems, the weights of the various systems 
scale as a ratio of the volume of an independently sized vehicle to the volume of the actual vehicle. These 
equipment systems encompass avionics, hydraulics, fuel delivery, and so forth, needed for vehicle operation, 
control, and telemetry. 
 
 

SAMPLE INPUT 
 

With all the geometric constraints set in the GTXSizer, the user has the option of varying numerous pa-
rameters for a given performance level to study the effect on the GLOW. The first set of parameters in the user’s 
control is the scale factor parameters. The user sets the range of both the L/D and the overall scale factor. The 
GTXSizer contains a macro that takes the given geometric constraints and iterates to closure. The increment for 
each iteration can also be set by the user. The smaller the increment, the more precise the result. In addition to 
scale factor, the user can put in a dry weight contingency factor. This factor is a multiplier on top of the entire dry 
weight of the vehicle to encompass uncertainties in the weight estimates.  

The L/D parameter is specified based on inlet precompression considerations. Obviously, the longer the 
cylinder plug section, the greater the internal volume is available for propellant. However, as the L/D is changed 
from an optimal value, overall vehicle performance is compromised. While the GTXSizer does not currently relate 
performance with L/D, the user must be aware when setting the L/D limit ranges. Should the tank volume be in-
sufficient to close the mission after reaching a maximum L/D, then the entire vehicle is photographically increased 
in scale, the initial L/D value is reset, and the new scale size, within the L/D range, is evaluated for closure. The 
GTXSizer repeats this procedure until the vehicle closes. 

The user must set the trajectory performance numbers. These are Specific Impulse (I*), oxygen-to-fuel 
(O/F) ratio, delta velocity (V), and the mode IV Mach number. While these numbers have a complex interrelation-
ship, the GTXSizer currently contains no logic or empirically derived formula to relate each number with one an-
other. Hence, to determine the effect on GLOW when changing any one of these values, a new trajectory analy-
sis should be performed to determine all the new performance numbers. 

Payload requirements are input next to determine their effect on the vehicle GLOW. The two important 
parameters are simply the weight of the payload and its size. The size of the payload is given by its length and by 
its minimum required radius. Typically, the payload for smaller sizes is placed in the nose, but larger payloads are 
automatically placed further aft for clearance. Obviously, larger payload sizes tend to drive up the scale of the  
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vehicle which drives up the GLOW. Although not a user input, it warrants mention that the landing gear envelope 
is also provided automatically.  

Vehicle shape factors are also set by the user and can have an impact on the GLOW. The initial nosetip 
angle has an important effect on the GLOW. By increasing this angle, the nose fairing becomes more blunt, 
which improves the volumetric efficiency of the fairing. Currently, the GTX vehicle design is fixed with a 10°  
nosetip angle. As mentioned previously, the thrust ring shape factor has the effect of altering the ring depth to 
accommodate a larger propellant tank. The default is doubling up the I-beam to reduce the depth by half. The 
user may consider tripling or even quadrupling the beam and reducing the height even further to improve volu-
metric efficiency. However, this is not sound engineering practice, as large thin-wall beams tend to have local 
bending problems at load introduction locations and the ring stiffness would be lowered considerably. While the 
forward thrust beam depth can be user controlled, the aft beam depth is controlled automatically. Since the aft 
ring loads are somewhat less than the forward ring, the aft section design is less robust than the forward ring. It 
was discovered that a lighter beam, and thus a lighter GLOW, is possible when the height of the fore and aft 
beams were identical. This relationship always holds true unless the user desires a conformal tank, whose only 
difference with the cylindrical tank is that part of the cylinder section is replaced by a cone attached to a larger aft 
cone, as depicted in figure 4. In this instance, more propellant volume is provided when the aft thrust ring depth is 
minimized. For the baseline vehicle, the cylindrical tank was used, because it provides the most efficient struc-
tural shape.  

This leads into the user-controlled tank parameters. The first parameter that can be specified by 
the user is the aspect ratio of the ellipsoidal bulkheads. Aspect ratio is the radius of the bulkhead divided 
by its height. A frequently used aspect ratio is 1.414 because only tensile membrane stresses exist with 
internal pressure. Engineering studies (ref. 2) have shown that the most structurally efficient aspect ratio 
may be greater than 1.414. Larger aspect ratios are more volumetrically efficient because more fuel can 
be packaged in the space available. As the aspect ratio is increased beyond the structurally optimal limit, 
the weight of the bulkhead needs to be increased because additional stiffening is required to support the 
loads. Currently, the GTXSizer does not relate the increase in bulkhead structural weight with the 
increase in aspect ratio. Without a detailed bulkhead analysis, the baseline GTX vehicle was sized with 
the standard aspect ratio of 1.414. Future analysis on the tanks will determine the most structurally opti-
mal aspect ratio for each bulkhead. 

Similar to the aspect ratio, the user has control over the length of the aft cone of the LH2 tank. 
This is given as a percentage of the total available length of the fuselage tail section. This parameter is 
available to ensure that there is sufficient room within the fuselage for the fuel feed system. A length of  
0 percent simply caps off the aft end of the cylinder with an elliptical bulkhead. A length of 100 percent 
fills the entire aft tail section with a conical bulkhead. For the reference vehicle, a conic length of 70 to  
80 percent was preliminarily determined to leave sufficient room to package the fuel feed equipment.  

Another important tank parameter is the distance between the LOx and LH2 tanks. Obviously, the 
closer the tanks, the more propellant can be packaged, but there must be sufficient distance for LOx feed 
lines with the necessary turn radius to clear the fuel tank. In addition, pressurant bottles can then be nes-
tled in the space between the tanks. The GTXSizer has the provision to calculate the maximum pressur-
ant bottle radius that can fit between the tanks. Finally, if it is desired to place the nose landing gear  
between the tanks, the tank space parameter will allow the user to set the necessary distance. If it is  
desired to have the landing gear in front of the tank stack, then the sheet has another parameter that  
allows the user to invert the forward bulkhead of the fuel tank. This feature minimizes the empty volume 
between the tanks, which allows more room for fuel, but requires an additional LOx sump pump. The user  
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must exercise engineering judgement in order to ensure there is sufficient room elsewhere for pressurant bottles 
and pumps.  

The final parameter for the tanks is the auxiliary fuel tank provision. When used, this feature places an 
additional fuel tank in the forward compartment of the fuselage. The user has the option of specifying the total 
amount of volume in this tank as a percentage of the overall fuel volume. The GTXSizer will then scale the vehi-
cle to its minimum GLOW until the percentage of fuel in the auxiliary tank at least equals the specified value. This 
feature is best used in larger class vehicles with larger size payloads because it utilizes the empty volume in the 
vehicle nose. For smaller payload sizes, this feature may actually increase the GLOW because the vehicle may 
need to be increased in scale to achieve the desired fuel percentage in each tank. Regardless of the effects on 
the GLOW, this feature also provides some control over the location of the vehicle’s wet and dry center of gravity 
(c.g.). At lift-off, the vehicle is in vertical flight where stability is best maintained when the c.g. is in front of the cen-
ter of pressure. After the vehicle pitches over for horizontal flight, trim penalties are reduced when the c.g. is 
closer to the center of pressure. By using a split fuel tank arrangement with the proper allocation of fuel in each, it 
is possible to control the c.g. of the vehicle for both vertical and horizontal flight. As fuel is depleted in the forward 
tank, the c.g. shifts aft, enabling easier control of the vehicle when it switches to horizontal flight. 

The GTXSizer places all the parameters enumerated above into an organized dialogue box as illustrated 
in figure 5. The user needs to input desired performance numbers and parameters in this dialogue box. The sizer 
will input the appropriate numbers and perform the calculation to determine the vehicle size for closure. 
 
 

 



NASA/TM2001-210668 8 

SAMPLE OUTPUT 
 

An example of GTXSizer results are summarized in a pictorial and tabular format of figure 6 and table II. 
The GLOW, vehicle size, and pertinent input data are all listed on a plot of the GTX vehicle. Vehicle size is given 
basically as body radius and overall vehicle length. An estimate of the center of pressure based on the projected 
area of the flight surfaces is given on the plot along with the wet and dry c.g. The pressurant bottle and its radius 
are shown on the figure as well. Additional c.g. data as a function of percent of propellant and oxidant remaining 
is provided in a carpet plot. If the user had constrained the scale range such that closure was not achievable, a 
watermark stating the solution had not converged would appear on the plot. Detailed information is given in the 
summary table. This table lists all the detailed mass properties and vehicle statistics of the GTX configuration.  
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VERIFICATION 
 

The verification process for the preliminary sizing tool is an expensive interdisciplinary set of analyses. 
Initially a trajectory simulation is performed using OTIS. Required input for OTIS includes a matrix of the aerody-
namic data, propulsion performance data, and vehicle mass properties. The basis of this data is the preliminary 
sizing established with GTXSizer. OTIS will establish a trimmed trajectory and accurately calculate propellant 
usage and I*. These numbers are compared to the GTXSizer results and adjustments to the GTXSizer are made 
if necessary. Upon acceptable convergence a preliminary design exercise is initiated. Key sizing dimensions are 
built into a PRO-E solid model and the primary structure and subsystems are packaged. The solid model is trans-
ferred into PATRAN where it is used to generate both the thermal and structural models. 

The environmental loading is established with APAS, MINIVER, and NASTRAN utilizing the trajectory 
data. Subsequently, a structural analysis is performed in NASTRAN. The results are post processed in both 
PATRAN and a specialized code called Hypersizer (ref. 3). Optimal areal weights are determined by Hypersizer, 
because it has the ability to compare all the loading events and determine the lowest margin of safety based on a 
broad spectrum of failure mode checks. In addition, multiple material systems including isotropic, laminates, and 
composites can be compared with one another to determine the minimum areal density of a given component. 
These new areal weights are then input to the GTXSizer and a new vehicle size is determined. 
 
 

CONCLUDING REMARKS 
 

The GTXSizer spreadsheet tool provides a means to quickly evaluate the size of a closed vehicle for a 
given set of performance parameters. Variations can be made in several geometric constraints, such as tank 
shape and cylinder plug length, in order to assess their impact on the GLOW. While the tool expedites the clo-
sure determination, several additions to the software can be made to account for more variables and improve the 
solution accuracy. For instance, further structural analysis can determine an optimum bulkhead aspect ratio for 
each of the fore and aft tank bulkheads based on the work in reference 2. Structural weight of the bulkheads can 
then be adjusted in the software when a nonoptimal aspect ratio is used. In addition, the GTXSizer can be modi-
fied to allow for different aspect ratios for each of the bulkheads. Finally, the GTXSizer can be modified to allow 
for multiple dry weight contingency factors for each component and assembly, instead of just one factor for the 
entire vehicle. That way if a certain component such as a wing box is designed and analyzed with greater preci-
sion than other parts of the structure, that can be reflected in a lower dry weight contingency factor for that  
component. 
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